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(54) A method for reducing evaporative emissions during engine shutdown 



(57) A method of controlling an engine 12 during en- 
gine shutdown to reduce evaporative emissions is dis- 
closed in which the method includes a step 50 of shut- 
ting off a fuel pump 28 of the engine 12 followed by the 
step 52 of burning off the fuel from a fuel rail 24 in a 
cylinder 18 of the engine 12 after the fuel pump 28 is 



shut off. 

During the burning off of the fuel, a duty cycle of 
each fuel injector 22 of engine 12 is controlled to allow 
the engine 1 2 to operate generally cyclically about a pre- 
determined air/fuel ratio which is preferably stoichiomet- 
ric. 
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Description 

[0001] This invention relates to a method for control- 
ling an internal combustion engine during engine shut- 
down to reduce evaporative emissions and in particular 
relates to a method for reducing fuel pressure in a fuel 
rail of the engine during engine shutdown. 
[0002] Internal combustion engines are generally 
controlled to maintain the ratio of air and fuel at or near 
stoichiometric. In particular, the engines are controlled 
utilizing closed-loop control where the amount of fuel de- 
livered to the engine is determined primarily by the con- 
centration of oxygen in the exhaust gases. The amount 
of oxygen in the exhaust gas is indicative of the ratio of 
air and fuel that has been ignited in the engine. 
[0003] Known engines sense the oxygen level in the 
exhaust gases of the engine utilizing a Heated Exhaust 
Gas Oxygen (HEGO) sensor. Further, known engine 
control systems adjust the commanded air/fuel ratio of 
the engine responsive to the output of the HEGO sensor. 
[0004] Known engines also utilize a three-way cata- 
lytic converter to reduce the unwanted by-products of 
combustion. The ratio of air and fuel may be maintained 
near stoichiometric for efficient operation of the catalytic 
converter. 

[0005] Known engine control systems stop the 
closed-loop control of an engine when an ignition switch 
changes to a state that indicates that the engine should 
be shut down and immediately shut off a fuel pump and 
stop transmitting control signals to fuel injectors of the 
engine. 

[0006] As a result, the fuel injectors immediately stop 
supplying fuel to the engine cylinders and leave any un- 
used fuel in the fuel rail. 

[0007] The term "fuel rail" means one or more fuel 
lines supplying fuel to one or more fuel injectors. 
[0008] It has been determined that leaving the fuel in 
the fuel rail at a relatively high pressure, after engine 
shutdown, results in increased evaporative emissions. 
[0009] It is an object of the invention provides an au- 
tomotive vehicle and a method of controlling an internal 
combustion engine during engine shutdown to reduce 
evaporative emissions 

[0010] According to a first aspect of the invention 
there is provided a method for depressurizing a fuel rail 
in an internal combustion engine during engine shut- 
down to reduce evaporative emissions, the engine hav- 
ing a fuel pump supplying fuel through the fuel rail to a 
fuel injector, the fuel injector communicating with an en- 
gine cylinder characterised in that the method compris- 
es the steps of, shutting off the fuel pump and burning 
off the fuel in the fuel rail after the fuel pump is shut off. 
[0011] During burning off of the fuel a duty cycle of the 
fuel injector may be controlled to allow the engine to op- 
erate generally cyclically about a predetermined air/fuel 
ratio. 

[0012] Preferably, the predetermined air/fuel ratio 
may be a stoichiometric air/ fuel ratio. 



[0013] The step of burning off the fuel may include, 
measuring an oxygen level in exhaust gases of the en- 
gine, controlling the duty cycle of the fuel injector re- 
sponsive to the oxygen level and igniting the fuel from 
5 the fuel injector in the cylinder while the duty cycle of 
the fuel injector is being controlled. 
[0014] The oxygen level may be measured in an ex- 
haust manifold of the engine. 

[001 5] The controlling the duty cycle of the fuel injec- 
io tor may include the steps of, calculating a commanded 
air/fuel ratio responsive to the oxygen level, calculating 
a commanded fuelling level responsive to a measured 
intake manifold mass air flow and the commanded air/ 
fuel ratio and selectively increasing the duty cycle of the 
is fuel injector responsive to the commanded fuelling level , 
after the fuel pump is shut off. to allow the engine to op- 
erate cyclically about the predetermined air/fuel ratio. 
[0016] When the oxygen level indicates a lean oper- 
ating condition the duty cycle of the fuel injector may be 
20 increased. 

[0017] The burning off of the fuel may be stopped re- 
sponsive to an engine operational parameter and a 
threshold value. 

[0018] The engine operational parameter may be the 

25 measured oxygen level in the exhaust gases of the en- 
gine and the threshold value is a threshold oxygen level, 
wherein the burning off of the fuel is stopped when the 
oxygen level is greater than the threshold oxygen level. 
[0019] Alternatively, the engine operational parame- 

30 ter may be a measured or calculated fuel rail pressure 
in the engine andthethreshold value is a threshold pres- 
sure level wherein the burning off of the fuel is stopped 
when the measured or calculated fuel rail pressure is 
less than the threshold pressure. 

35 [0020] As yet another alternative the engine opera- 
tional parameter may be the duty cycle of the fuel injec- 
tor and the threshold value is a threshold duty cycle, 
wherein the burning off of the fuel is stopped when the 
duty cycle of the fuel injector is greater than the thresh- 

40 old duty cycle. 

[0021] According to a second aspect of the invention 
there is provided a method for controlling an internal 
combustion engine during engine shutdown to reduce 
evaporative emissions, the engine having a fuel pump 

^5 supplying fuel through a fuel rail to a fuel injector, the 
fuel injector communicating with an engine cylinder, 
characterised in that the method includes using a meth- 
od for depressurizing a fuel rail in an internal combustion 
engine according to the first aspect of this invention. 

so [0022] According to a third aspect of the invention 
there is provided a motor vehicle having an engine hav- 
ing a fuel injector selectively supplying fuel to a cylinder 
of the engine, the engine further including a fuel pump 
selectively supplying fuel through a fuel line to the fuel 

55 injector and a controller operatively connected to the fu- 
el injector and the fuel pump characterised in that the 
controller is configured to shut off the fuel pump upon a 
change of state of an engine control signal and to control 
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a duty cycle of the fuel injector, after the fuel pump is 
shut off. to allow the engine to operate cyclically about 
a predetermined air/fuel level. 

[0023] The vehicle may have an oxygen sensor oper- 
atively connected to the controller, the oxygen sensor 
generating a oxygen level signal indicative of a level of 
oxygen in exhaust gases of the engine, the controller 
varying the duty cycle of the fuel injector control signal 
responsive to the oxygen level signal. 
[0024] The oxygen sensor may be a heated exhaust 
gas oxygen sensor. 

[0025] When the oxygen level indicates a lean oper- 
ating condition for increasing periods of time, the con- 
troller may be operational to increases the duty cycle of 
the fuel injector control signal. 

[0026] The controller may be further configured to 
shut off the fuel injector responsive to an engine opera- 
tional parameter and a threshold value. 
[0027] According to a fourth aspect of the invention 
there is provided engine controller for an engine of the 
type having an intake manifold with a mass air flow sen- 
sor generating a mass air flow signal responsive to an 
amount of air flow in the intake manifold, an exhaust 
manifold with an oxygen sensor generating an oxygen 
level signal responsive to an amount of oxygen in ex- 
haust gases in the exhaust manifold, and a fuel pump 
supplying fuel to a fuel injector, characterised in that the 
controller is configured and arranged to turn off the fuel 
pump upon a change of state of an enginecontrolsignaL 
the controller being further configured to calculate a 
commanded air/fuel ratio responsive to the oxygen level 
signal, the controller being further configured to calcu- 
late a commanded fuelling level responsive to the mass 
airflowsignal and the commanded air/fuel ratio, thecon- 
troller being further configured to control a duty cycle of 
the fuel injector after the fuel pump is shut off, to allow 
the engine to operate cyclically about a predetermined 
air/fuel ratio. 

[0028] The controller may be operational when the ox- 
ygen level indicates a lean operating condition for in- 
creasing periods of time to increase the duty cycle of the 
fuel injector. 

[0029] The invention will now be described by way of 
example with reference to the accompanying drawing 
of which:- 

Figure 1 is a combination schematic and block dia- 
gram of an automotive vehicle having an engine 
and a control system for implementing a method in 
accordance with the present invention; 

Figures 2A-G are diagrams illustrating engine con- 
trol signals and parameters in accordance with a 
known method of shutting down an engine; 

Figures 3A-G are diagrams illustrating engine con- 
trol signals and parameters in accordance with a 
method of shutting down an engine in accordance 



with the present invention; 

Figures 4A-C are flow charts illustrating a method 
for controlling an engine duringan engine shutdown 
5 time interval in accordance with the present inven- 
tion; 

Figure 4D is a decision chart in accordance with the 
invention. 

10 

[0030] Referring now to the drawings wherein like ref- 
erence numerals are used to identify identical compo- 
nents in the various views, Figure 1 illustrates an auto- 
motive vehicle generally indicated by numeral 10. The 
15 vehicle 10 includes an internal combustion engine 12 
and a control system 1 4. 

[0031] The engine 12 comprises an internal combus- 
tion engine having an intake manifold 16, a number of 
cylinders 18, intake valves 20, fuel injectors 22, a fuel 
rail 24, a fuel tank 26 : a fuel pump 28, a check valve 30, 
a fuel filter 32, an exhaust manifold 34, exhaust valves 
36, pistons 38, spark plugs 40 and a catalytic converter 
41. 

[0032] Each of the cylinders 18 may have a corre- 
sponding fuel injector 22, intake valve 20, exhaust valve 
36, and spark plug 40, for purposes of clarity only one 
cylinder 1 8 is shown in Figure 1 . 
[0033] It will be appreciated that the invention is also 
applicable to other fuel delivery systems such as a cen- 
tral fuel injected (CFI) system for each cylinder bank of 
an engine. 

[0034] The intake manifold 16 directs air flow to the 
cylinders 1 8 of the engine 1 2. In particular, the manifold 
1 6 directs airto an intake valve 20 which selectively con- 
trols the amount of air entering the respective cylinder 
1 8. The configuration of the manifold 1 6 may vary based 
upon the number of cylinders 18 of the engine 12. 
[0035] The fuel injectors 22 selectively provide fuel to 
one or more cylinders 18 and are conventional in the 
art. In particular, each fuel injector 18 delivers a prede- 
termined amount of fuel into one or more cylinders 18 
responsive to a fuel injector control signal VFI generated 
by the controller 42. Further each fuel injector 28 re- 
ceives a distinct fuel injector control signal VFI from the 
controller 42. 

[0036] The controller 42 varies the duty cycle of each 
fuel injector control signal VFI during an engine shut- 
down time interval as will be described in further detail 
below. 

[0037] The components of engine 1 2 providing fuel to 
the fuel injectors 22 will now be discussed. The fuel 
pump 28 delivers fuel from the fuel tank 26 through the 
check valve 30 and the fuel filter 32 into the fuel rail 24. 
The fuel rail 24 supplies the pressurized fuel to the fuel 
injectors 22. The fuel pump 28 may comprise an electric 
fuel pump or the like and is turned on or off responsive 
to a fuel pump control signal VFP generated by the con- 
troller 42. The check valve 30 is provided to maintain 
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fuel pressure in the fuel rail 24 when the fuel pump 28 
is shut off. 

[0038] In particular, the check valve 30 closes when 
the fuel pump 28 is turned off which maintains the fuel 
in the fuel rail 24 at a relatively high pressure. Generally, 5 
the fuel in the fuel rail 24 is maintained at the high pres- 
sure so that sufficient fuel is available at the fuel injectors 
22 when starting the engine 1 2. However, as previously 
discussed, undesirable evaporative emissions result 
from leaving the fuel at the high pressure after engine 
shutdown. 

[0039] The exhaust manifold 34 directs exhaust gas- 
es from the cylinders 1 8 to the catalytic converter 41 . In 
particular the exhaust manifold 34 communicates with 
exhaust valves 36 which selectively control the amount 
of exhaust gases entering the exhaust manifold 34. The 
configuration of the manifold 34 may vary based upon 
the number of cylinders 1 8 of the engine 1 2. 
[0040] The spark plugs 40 are provided to ignite the 
fuel in the cylinders 1 8 to drive the pistons 38. Each 
spark plug 40 ignites fuel in a cylinder 1 8 responsive to 
an ignition control signal VI generated by the controller 
42. The controller 42 may generate each ignition control 
signal VI responsive to a position of the crankshaft 43 
as known by those skilled in the art. 
[0041] The catalytic converter 41 is provided to re- 
duce undesirable by-products of combustion in the en- 
gine 12, and is operatively connected to the exhaust 
manifold 34. 

[0042] The control system 1 4 is provided to control the 
engine 12 during an engine shutdown time interval to 
reduce evaporative emissions in accordance with the 
present invention. 

[0043] The control system 14 comprises a mass air 
flow sensor 44. an oxygen sensor 46, a fuel pressure 
sensor 47, a crankshaft position sensor 48, and a con- 
troller 42. 

[0044] The mass air flow sensor 44 generates a signal 
VA indicative of the mass air flow in the intake manifold 
16. 

The controller 42 receives the signal VA and de- 
rives the measured value of mass air flow MAF from the 
signal VA. The sensor 44 is conventional in the art and 
is disposed in the intake manifold 16. 
[0045] The oxygen sensor 46 generates a oxygen lev- 
el signal VO proportional to the concentration of oxygen 
in the exhaust gases in the exhaust manifold 34. As pre- 
viously discussed, the oxygen sensor 46 may comprise 
a Heated Exhaust Gas Oxygen (HEGO) sensor. The ox- 
ygen sensor 46 may comprise a hollow zirconium oxide 
(Zr02) shell, the inside of which is exposed to atmos- 
phere. The controller42 receives the oxygen level signal 
VO and calculates a measured oxygen level responsive 
to the oxygen level signal VO. The measured oxygen 
level is compared to a predetermined oxygen value 
which, for the particular oxygen sensor 46 used, repre- 
sents the sensor voltage output for a stoichiometric air 
/fuel ratio. 



[0046] This comparison produces a two-state condi- 
tion flag indicating either a rich condition or a lean con- 
dition. 

[0047] A rich condition occurs when the measured ox- 
ygen level is less than the predetermined oxygen level 
that is to say the air/fuel ratio is less than stoichiometric. 
[0048] A lean condition occurs when the measured 
oxygen level is greater than the predetermined oxygen 
level that is to say the air/fuel ratio is greater than stoi- 
chiometric. 

[0049] The fuel pressure sensor 47 generates a fuel 
pressure signal VP indicative of the fuel pressure in the 
fuel rail 24. The pressure sensor 47 is conventional in 
the art. The controller 42 receives the fuel pressure sig- 
nal VP and derives the measured fuel rail pressure P 
responsive to the fuel pressure signal VP. 
[0050] In an alternate embodiment (not shown), the 
fuel pressure sensor47 is removed from the control sys- 
tem 1 4 and the fuel pressure P is calculated responsive 
to the rate of fuel flow through the fuel rail 24 as known 
by those skilled in the art. 

[0051] The crankshaft position sensor 48 generates 
a crankshaft position signal VC indicative of the rotation- 
al position of the crankshaft 43. The crankshaft position 
sensor 48 is conventional in the art and may comprise 
a hall effect sensor. The controller 42 receives the crank- 
shaft position signal VC and generates the ignition con- 
trol signals VI responsive thereto, as known by those 
skilled in the art. 

[0052] The controller 42 may further calculate the en- 
gine speed S responsive to the crankshaft position sig- 
nal VC. 

[0053] The controller 42 is provided to control the en- 
gine 12 in accordance with the present invention. The 
controller 42 is conventional in construction and is elec- 
trically connected to the fuel injectors 22, the fuel pump 
28, the mass air flow sensor 44, the oxygen sensor 46, 
the spark plugs 40, and the crankshaft position sensor 
48. 

[0054] During engine operation, the controller 42 re- 
ceives oxygen level signal VO and controls the com- 
manded air/fuel ratio AF and thus the commanded fuel- 
ling level W responsive to the signal VO. For example, 
an oxygen level signal VO indicating a rich air/fuel ratio 
will result in an increase in the commanded air/fuel ratio 
AF and a corresponding decrease in the commanded 
fuelling level W to the engine 12. Alternately, an oxygen 
level signal VO indicating a lean air/fuel ratio will result 
in a decrease in the commanded air/fuel ratio AF and a 
corresponding increase in commanded fuelling level W 
to the engine 12. 

[0055] The controller 42 includes a read-only memory 
(ROM) (not shown) that stores a software program for 
implementing the methods in accordance with the 
present invention. 

[0056] The controller 42 also includes drivers (not 
shown) to transmit the respective control signals to the 
fuel injectors 22, the fuel pump 28, and the spark plugs 
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40. 

[0057] Figures 2A-2G illustrate signals and parame- 
ters generated while implementing a known engine con- 
trol method before and after engine shutdown. As will 
be shown, the control method results in a relatively high 5 
residual fuel pressure in the fuel rail 24 after engine shut- 
down. The high residual fuel pressure results in unde- 
sirable evaporative emissions from the fuel injectors 22. 
The engine 1 2 and the control system 1 4 may be utilized 
with the known engine control method and the inventive 
engine control method discussed in more detail below. 
[0058] Referring to Figures 2A and 2B, during time in- 
terval T=0 to T=TO, the controller 42 receives an engine 
control signal VE with a high logic level— indicating that 
engine 1 2 should have closed-loop controlled operation. 
In particular, the engine control signal VE may be trans- 
mitted to the controller 42 from an ignition switch (not 
shown). For example : if an operator closes an ignition 
switch to start the engine 12, the engine control signal 
VE may transition from a low logic level to a high logic 
level. Conversely, if an operator opens an ignition switch 
to shut off the engine 12, the engine control signal VE 
may transition from a high logic level to a low logic level. 
Referring to Figure 2B, in response to the signal Ve, the 
controller 42 generates a fuel pump control signal VFP 
with a high logic level. In response to the signal VFP, the 
fuel pump 28 delivers fuel through the fuel rail 24 to the 
fuel injectors 22. Thus, the measured fuel rail pressure 
P (represented by Vp) is maintained at a relatively con- 
stant pressure as illustrated in Figure 2C. 
[0059] Referring to Figures 2D and 2E, during time in- 
terval T=0 to T=TO, the oxygen level signal VO oscil- 
lates about a stoichiometric level as known by those 
skilled in the art. Further the commanded air/fuel ratio 
AF oscillates about a corresponding stoichiometric level 
responsive to the oxygen level signal VO. In particular 
when the oxygen level signal VO indicates the meas- 
ured air/fuel ratio is stoichiometric, the commanded air/ 
fuel ratio AF "jumps back' 1 to a predetermined nominal 
air/fuel mixture which is hoped to be at or near stoichi- 
ometric. Thereafter, the commanded air/fuel ratio AF is 
gradually altered in a direction opposite to its prior di- 
rection of change until the oxygen sensor 46 determines 
that stoichiometry has again been reached. 
[0060] Referring to Figures 2F and 2G, during time in- 
terval T=0 to T=TO, the average commanded fuelling 
level W is at a relatively constant value responsive to 
the commanded air/fuel ratio AF. Further, the average 
duty cycle of the fuel injectors 22 is at a relatively con- 
stant value responsive to the commanded fuelling level 
W. 

[0061] Referring to Figure 2A, at time T=TO ; the en- 
gine control signal VE transitions to a low logic level in- 
dicating that the engine 12 should be shut down. In re- 
sponse to the signal VE : the controller 42 immediately 
transitions the fuel pump control signal VFP to a low log- 
ic level to shut off the fuel pump 28. 
[0062] Referring to Figures 2D and 2E, after time 



T=TO, the oxygen level signal VO remains at a constant 
value and the oscillation of the commanded air/fuel ratio 
AF is stopped. Referring to Figures 2F and 2G, the av- 
erage commanded fuelling level W falls to a zero value 
and correspondingly the duty cycle of the fuel injector 
control signal VFI falls to a zero value. As illustrated in 
Figure 2C, the fuel pressure P (represented by pressure 
signal VP) in the fuel rail 24 remains at a relatively high 
pressure level because the check valve 30 closed when 
the fuel pump 28 turned off. 

[0063] Although not shown in Figure 2C, the fuel rail 
pressure P may eventually decrease over time if the re- 
sidual fuel in the fuel rail 24 migrates past the fuel injec- 
tors 22 into the intake manifold 1 6. Thus, the known en- 
gine control method may result in undesirable evapora- 
tive emissions from the fuel injectors 22. 
[0064] The controller 42 operates in accordance with 
a software program stored in the ROM (not shown) 
which implements the method of controlling an internal 
combustion engine in accordance with the present in- 
vention. Figures 4A-4D form a flowchart of the inventive 
method that is implemented by the software program 
and the Figures 3A-3G illustrate the signals and param- 
eters generated wh ile implementing the inventive meth- 
od. 

[0065] Referring to Figure 4A ; a method of controlling 
an internal combustion engine 12 includes a step 50 of 
shutting off the fuel pump 28 of the engine 1 2. Referring 
to Figures 3A and 3B, at time T0 : the engine control sig- 
nal VE, transitions to low logic level indicating that the 
engine 12 should be shut down. As previously dis- 
cussed, the engine control signal VE may.be controlled 
by an ignition switch (not shown). 
[0066] Alternatively, the engine control signal VE may 
be a control value calculated responsive to the state of 
an ignition switch (not shown) of the engine 12. 
[0067] The method further includes a step 52 that 
burns off fuel from the fuel rail 24 in one ore more cylin- 
ders 18 after the fuel pump 28 is shut off. During the 
burning of the fuel, a duty cycle of the fuel injectors 22 
is controlled to allow the engine 12 to operate generally 
cyclically about a predetermined air/fuel ratio. The pre- 
determined air/fuel ratio is preferably stoichiometric. 
[0068] Referring to Figure 4B : the step 52 may include 
the substeps 54, 56, and 58. The substep 54 measures 
the oxygen level in the exhaust gases of the engine 12. 
As previously discussed, the oxygen sensor 46 gener- 
ates an oxygen level signal VO used to calculate the 
measured oxygen level in the exhaust gases. Further, 
as previously discussed, the measured oxygen level is 
used to set a condition flag that indicates a the engine 
12 is operating in a lean condition or a rich condition. 
The substep 56 controls the duty cycle of the fuel injec- 
tors 22 responsive to the oxygen level. 
[0069] Referring to Figure 4C, the substep 56 may in- 
clude the substeps 60, 62, and 64. The substep 60 cal- 
culates a commanded air/fuel ratio AF responsive to the 
measured oxygen level. Referring to Figure 4D : the sub- 
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step 60 may include interactively executing the back- 
ground processing substeps 66-78. Before explaining 
the substeps 66-78, the variables utilized by the control- 
ler 42 in performing these substeps will be explained. 
[0070] The variables include: 

commanded air/fuel ratio AF - AIR/FUEL_BASE 
when the controller 42 is initially powered up; 

AIR/FUEL_BASE = about 14.6 for conventional in- 
ternal combustion engines using gasoline; 

RS = a rich offset value to increase commanded air/ 
fuel ratio AF when a rich fuelling condition exists: 

LS = a lean offset value to decrease commanded 
air/fuel ratio AF when a lean fuelling condition ex- 
ists; 

RAMP_RATE = ramp rate to modify commanded 
air/fuel ratio AF when a rich orleanfuellingcondition 
exists. 

[0071] While performing the substeps 66-78, the com- 
manded air/fuel ratio AF is increased or decreased us- 
ing RS, LS, and the RAMP RATE to try to maintain sto- 
ichiometric engine operation. 

[0072] Referring to Figure 4D, the substeps 66-78 will 
now be explained. The substep 66 determines whether 
the measured oxygen level indicates a rich condition. If 
a rich condition exists, the substep 68 increases the 
commanded air/fuel ratio AF (AF = AF + RS). As shown 
in Figures 3D and 3E, the oxygen level signal VO indi- 
cates a transition to a rich condition at time T1 which 
results in the commanded air/fuel ratio AF being in- 
creased by RS. Thereafter, the method enters a loop 
including the substeps 70 and 72. The substep 70 de- 
termines whether the measured oxygen level still indi- 
cates a rich condition. If a rich condition still exists, the 
substep 72 further increases thecommanded air/fuel ra- 
tio AF (AF = AF + RAMP„RATE). 
[0073] As shown in Figures 3D and 3E, the oxygen 
level signal VO after time T1 (and before time T2) still 
indicates a rich condition which results in the command- 
ed air/fuel ratio AF being increased by RAMP_RATE. 
[0074] Referring again to Figure 4D, if the substep 70 
orthe substep 66 indicates a lean condition, the method 
advances to the substep 74. The substep 74 modifies 
the commanded air/fuel ratio AF (AF = AF - LS) to de- 
crease the commanded air/fuel ratio AF. As shown in 
Figures 3D and 3E, the oxygen level signal V0 indicates 
a transition to a lean condition at time T=T2 which re- 
sults in the commanded air/fuel ratio AF being de- 
creased by LS. 

[0075] Thereafter, the method enters a loop including 
the substeps 76 and 78. The substep 76 determines 
whether the measured oxygen level still indicates a lean 
condition. If a lean condition still exists, the substep 78 



decreases the commanded air/fuel ratio AF (AF = AF - 
RAMP_RATE) to further decrease the commanded air/ 
fuel ratio AF, 

[0076] As shown in Figures 3D and 3E, the oxygen 
5 level signal VO after time T2 (and before time T3) still 
indicates a lean condition which results in the command- 
ed air/fuel ratio AF being decreased by the 
RAMP_RATE. Finally, if the substep 76 indicates a rich 
condition, the method advances to the substep 68. 
10 [0077] As shown in Figures 3D and 3E, the method 
iteratively adjusts the commanded air/fuel ratio AF to try 
to maintain the engine at stoichiometric, after the fuel 
pump 28 has been shut off at time T = TO. In particular, 
the commanded air/fuel ratio AF is progressively de- 
15 creased to maintain the engine at stoichiometric while 
the fuel in the fuel rail 24 is being consumed. 
[0078] Referring again to Figure 4C, each time the 
background processing substeps 66-78 modify the 
commanded air/fuel ratio AF, the method advances to 
the substep 62. 

[0079] The substep 62 calculates a commanded fuel- 
ling level W responsive to the measured intake manifold 
airflow MAF and the commanded air/fuel ratio AF. The 
fuelling level W may be calculated using the following 
formula: 

W-MAF/AF. 

[0080] The method advances to the substep 64 after 
the substep 62. The substep 64 selectively increases 
the duty cycle of the fuel injectors 22 responsive to the 
commanded fuelling level W to allow the engine 12 to 
operate cyclically about a predetermined air/fuel ratio. 
As previously discussed, the predetermined air/fuel ra- 
tio is preferably stoichiometric. 

[0081] Referring to Figures 3C, 3F, and 3G, after the 
fuel pump 28 is turned off at time T=T0, the fuel pressure 
P in fuel rail 24 begins to decrease, and thus the com- 
mand fuelling level W must be steadily increased to 
maintain the engine 12 at stoichiometric operation. 
Thus, the duty cycle of the fuel injectors 22 must also 
be increased as the fuel pressure P in decreases to keep 
delivering the required amounts of fuel to the cylinders 
18. The duty cycle of each of the fuel injectors 22 may 
be determined using the following two equations: 



PW = commanded pulse width of the fuel injector 
control signal VFI (seconds); 

55 

C = amount of air inducted into a cylinder 18 (lbs.) 
AF = commanded air/fuel ratio; 



25 



30 



35 



40 



45 



PW = ((C/AF) * (1/INJS)) + OFFSET; 

50 

where 
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INJS = fuel injector slope (lbs. per second); 

OFFSET = pulse width offset due to variable battery 
voltage (seconds) and : 

5 

D = S * PW * CF; 

where 

10 

D = duty cycle of the fuel injector control signal VFI; 

S = engine speed (revolutions/second) 

CF = conversion factor empirically determined re- '5 
sponsive to the clock speed of the controller 42. 

[0082] As illustrated in Figures 3C : 3F : and 3G, after 
time T=TO, the average commanded fuelling level W 
and the average duty cycle of the fuel injector control 20 
signal VFI is inversely proportional to the fuel rail pres- 
sure P (represented by VP). 

[0083] Referring to Figure 4B, the method finally ad- 
vances to the substep 58 after the substep 56. The sub- 
step 58 sequentially ignites fuel from the fuel injectors 25 
22 in the cylinders 18 while the duty cycle of the fuel 
injectors 22 are being controlled. The substep 58 itera- 
tively ignites the cylinders 1 8 while the substeps 54 and 
56 are also being iteratively performed. In particular, the 
controller 42 generates an ignition control signal VI for 30 
each spark plug 40 responsive to the position of the 
crankshaft 43 as known by those skilled in the art. 
[0084] The duration that the controller 42 performs the 
step 52 will now be explained in greater detail. Referring 
to Figures 3E, 3F, 3G, the controller 42 controls engine 35 
12 after the fuel pump 28 has been shut off for an engine 
shutdown timing interval. The engine shutdown timing 
interval starts at time T=T0 when the fuel pump 28 is 
shut off and ends at time T=T4. 

[0085] During the engine shutdown timing interval 40 
the fuel injectors 22 supply fuel to the cylinders 18 which 
is burned therein. Thus, during this timing interval, the 
measured fuel rail pressure P is decreased as the re- 
maining fuel in the fuel rail 24 is consumed. The end 
time T=T4 occurs when an engine operational parame- 45 
ter becomes (i) greater than a threshold value or (ii) less 
than the threshold value. 

[0086] The engine operational parameter may com- 
prise (i) the measured fuel pressure P, (ii) the measured 
oxygen level, (iii) the commanded air/fuel ratio AF, or so 
(iv) the average duty cycle of one or more fuel injectors 
22. In particular, time T-T4 occurs when one of the fol- 
lowing conditions is met: 

measured fuel pressure P < a threshold pressure 55 
level; 

measured oxygen level > a threshold oxygen level; 



commanded air/fuel ratio AF < a threshold air/fuel 
ratio or 

average duty cycle of the fuel injectors 22 is greater 
than a threshold duty cycle. 

[0087] The threshold values including (i) the threshold 
pressure level (ii) the threshold oxygen level, (iii) the 
threshold air/fuel ratio; and (iv) the threshold duty cycle, 
may be empirically determined by one skilled in the art. 
[0088] In particular, the threshold values indicate 
when the engine 12 is no longer capable of being oper- 
ated stoichiometric due to insufficient amounts of avail- 
able fuel in the fuel rail 24. 

[0089] For example, referring to Figure 3E, the prede- 
termined threshold parameter AFMIN represents a 
commanded air/fuel value under which the engine 12 
cannot be operated stoichiometric. When the com- 
manded air/fuel value AF is less than AFMIN, the con- 
troller 42 stops any further control of the fuel injectors 
22 as shown by the average VFI duty cycle being a zero 
value. 

[0090] Further, the controller42 simultaneously stops 
any further control of the spark plugs 40 to ignite the fuel 
in the cylinders 18. 

[0091] The method of controlling an engine during en- 
gine shutdown to reduce evaporative emissions repre- 
sents a significant improvement over conventional 
methods. As shown in Fig. 3C, this invention reduces 
the fuel pressure in the fuel rail 24 during an engine shut- 
down timing interval (i.e., time T0-T4) by burning the re- 
sidual fuel in the fuel rail 24 after the fuel pump 28 has 
been shut off. As a result, the reduced pressure in the 
fuel rail 24 reduces the evaporative emissions from the 
engine 12. 



Claims 

1. A method for depressurizing a fuel rail (24) in an 
internal combustion engine (12) during engine shut- 
down to reduce evaporative emissions, the engine 
(12)having a fuel pump (28) supplying fuel through 
the fuel rail (24) to a fuel injector (22), the fuel injec- 
tor ( 22) communicating with an engine cylinder (1 8) 
characterised in that the method comprises the 
steps of. shutting off the fuel pump (28) and burning 
off the fuel in the fuel rail (24) after the fuel pump 
(28) is shut off. 

2. A method as claimed in claim 1 wherein during the 
burning off of the fuel a duty cycle of the fuel injector 
(22) is controlled to allow the engine to operate gen- 
erally cyclically about a predetermined air/fuel ratio. 

3. A method as claimed in claim 1 or in claim 2 wherein 
the step of burning off the fuel includes, measuring 
an oxygen level in exhaust gases of the engine (12), 
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controlling the duty cycle of the fuel injector (22) re- 
sponsive to the oxygen level and igniting the fuel 
from the fuel injector (22) in the cylinder while the 
duty cycle of the fuel injector (22) is being control- 
led. 

4. A method as claimed in claim 3 wherein the control- 
ling the duty cycle of the fuel injector (22) includes 
the steps of, calculating a commanded air/fuel ratio 
responsive to the oxygen level, calculating a com- 
manded fuelling level responsive to a measured in- 
take manifold mass airflow and the commanded air/ 
fuel ratio and selectively increasing the duty cycle 
of the fuel injector (22) responsive to the command- 
ed fuelling level, after the fuel pump (28) is shut off : 
to allow the engine (12) to operate cyclically about 
the predetermined air/fuel ratio. 

5. A method as claimed in claim 4 wherein when the 
oxygen level indicates a lean operating condition 
the duty cycle of the fuel injector (22) is increased. 

6. A method as claimed in any of claims 1 to 5 wherein 
the burning off of the fuel is stopped responsive to 
an engine operational parameter and a threshold 
value. 

7. A method for controlling an internal combustion en- 
gine (12) during engine shutdown to reduce evap- 
orative emissions, the engine (12) having a fuel 
pump (28) supplying fuel through a fuel rail to a fuel 
injector (22), the fuel injector communicating with 
an engine cylinder (18), characterised in that the 
method includes using a method for depressurizing 
a fuel rail (24) in an internal combustion engine (28) 
as claimed in any of claims 1 to 7. 

8. A motor vehicle having an engine (12) the engine 
(12) having a fuel injector (22) selectively supplying 
fuel to a cylinder of the engine (1 2), the engine (12) 
further including a fuel pump (28) selectively sup- 
plying fuel through a fuel line (24) to the fuel injector 
(22) and a controller (42) operatively connected to 
the fuel injector (22) and the fuel pump character- 
ised in that the controller (42) is configured to shut 
off the fuel pump (28) upon a change of state of an 
engine control signal and to control a duty cycle of 
the fuel injector (22), after the fuel pump (28) is shut 
off, to allow the engine (12) to operate cyclically 
about a predetermined air/fuel level. 

9. A vehicle as claimed in claim 8 wherein the engine 
(12) has an oxygen sensor (46) operatively con- 
nected to the controller (42), the oxygen sensor (46) 
generating a oxygen level signal indicative of a level 
of oxygen in exhaust gases of the engine (12), the 
controller (42) varying the duty cycle of the fuel in- 
jector control signal responsive to the oxygen level 



signal. 

10. A engine controller (42) for an engine (12) of the 
type having an intake manifold (16) with a mass air 
5 flow sensor (44) generating a mass air flow signal 
responsive to an amount of air flow in the intake 
manifold (16), an exhaust manifold (34) with an ox- 
ygen sensor (46) generating an oxygen level signal 
responsive to an amount of oxygen in exhaust gas- 
10 es in the exhaust manifold (34), and a fuel pump 
(28) supplying fuel to a fuel injector (22), charac- 
terised in that the controller (42) is configured and 
arranged to turn off the fuel pump (28) upon a 
change of state of an engine control signal, the con- 
's troller (42) being further configured to calculate a 
commanded air/fuel ratio responsive to the oxygen 
level signal, the controller (42) being further config- 
ured to calculate a commanded fuelling level re- 
sponsive to the mass air flow signal and the com- 
manded air/fuel ratio, the controller (42) being fur- 
ther configured to control a duty cycle of the fuel 
injector (22) (22), after the fuel pump (28) is shut 
off, to allow the engine (12) to operate cyclically 
about a predetermined air/fuel ratio. 
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Shut off the fuel pump of an engine 



50 



Burn off the fuel from a fuel rail in a cylinder after the fuel 
pump is shut off, wherein during the burning off of the fuel a 
duty cycle of the fuel injector is controlled to allow the engine to 
operate generally cyclically about a predetermined air/fuet ratio 



FIG.4A 
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Measure an oxygen level in 
exhaust gases of the engine 
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Control the duty cycle of the fuel injector 
responsive to the measured oxygen level 



ignite the fuel from the fuel injector in 
the cylinder while the duty cycle of the 
fuel injector is being controlled 
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Calculate a commanded air/fuel ratio 
responsive to the measured oxygen level 


^ 60 


1' 





Calculating a commanded fueling level responsive to a measured 
intake manifold mass air flow and the commanded air/fuel ratio 



Selectively increase the duty cycle of the fuel injector responsive to 
the commanded fueling level, after the fuel pump is shut off, to allow 
the engine to operate cyclically about a predetermined air/fuel ratio 

FIG.4C 
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